SUPPLEMENTARY INFORMATION
See online article: S1 (table) | S2 (box) | S3 (figure) | S4 (box) | S5 (table)
ALL LINKS ARE ACTIVE IN THE ONLINE PDF
Ageing is a universal phenomenon that challenges all biological systems at multiple levels and ultimately results in their functional decline. Age-dependent changes can be seen in a wide range of organisms, from the decrease in replicative potential observed in unicellular yeast 1 to the reduced performance of vital organs in more complex organisms such as humans. The rate by which cells and organisms age varies widely, and genetic and environmental factors have been shown to be involved in the age-dependent decline of cell and tissue function. Although ageing is a complex phenomenon, it is becoming clear that a cell's failure to maintain proper protein homeostasis has a major role in ageing and age-related disease 2 . Constant protein turnover is one of the key strategies used to maintain this homeostasis and has been the focus of much work. Recent studies on ageing have now placed a new emphasis on literally old culprits: longlived proteins which evade turnover 3, 4 . In this Opinion article, we discuss the different contexts in which long-lived proteins have been characterized and the possible functional consequences of their persistence. We argue that these long-lived proteins have a larger role in organismal ageing than previously appreciated.
Exceptions to the rule Proteins are constantly being degraded and subsequently replaced with newly synthesized copies. This turnover process ensures a constant supply of new and functional proteins, allowing non-functional, damaged or even toxic species to be destroyed. The rate of turnover, however, can vary widely from protein to protein, with half-lives spanning orders of magnitude within the same cell. Studies in budding yeast (which have a cell cycle of ~1.5 hours) have found the median and mean protein half-life under normal growth conditions to be ~43 minutes 5 . This figure increases to 0.5-35 hours in dividing mammalian cells (which have a cell cycle of ~24 hours) and ~43 hours in non-dividing cells 6, 7 . Turnover studies in mice found the average half-lives of proteins in the brain, liver and blood to be 3-9 days 8 . Although half-lives for different proteins in the cell may range from minutes to days, protein turnover rates often correlate with their function or subcellular localization. For example, proteins within the mitochondria and endoplasmic reticulum (ER) on average have longer half-lives than other proteins 8 .
Large complexes, such as ribosomes and proteasomes, also have highly similar rates of turnover for each of their components 6, 8 . Of all the studies on protein turnover to date, most have concentrated on turnover during relatively short timescales (that is, timescales that are significantly shorter than cellular and organismal lifespan). However, the existence of long-lived proteins has been a well-established fact for several decades. As early as 1966, using radioisotope pulselabellin g
, histones were found to have long half-lives 9 . Later studies from the 1970s also used radioisotopes to identify myelin and myelin proteolipid protein as long-lived 10, 11 . An alternative technique, l-/d-Asp racemization
, was also used to monitor protein turnover, and collagens, elastins, eye lens crystallins, tooth enamel and tooth dentine were identified as proteins that have half-lives on the order of years [12] [13] [14] [15] [16] [17] (TABLE 1) .
Recent advancements in pulse-chase labelling strategies provide strong evidence that more long-lived proteins remain to be discovered. In two studies, it was found that nuclear pore complex (NPC) proteins and a Abstract | Protein turnover is an effective way of maintaining a functional proteome, as old and potentially damaged polypeptides are destroyed and replaced by newly synthesized copies. An increasing number of intracellular proteins, however, have been identified that evade this turnover process and instead are maintained over a cell's lifetime. This diverse group of long-lived proteins might be particularly prone to accumulation of damage and thus have a crucial role in the functional deterioration of key regulatory processes during ageing.
Box 1 | Methods for identifying long-lived proteins l-and d-Asp racemization
All living organisms exclusively incorporate the l-enantiomers of amino acids into their proteins. Through a process that is time and temperature dependent, however, these amino acids very slowly racemize into a mixture of l-and d-enantiomers. Therefore, with careful calibration, ratios of the abundance of l-to d-enantiomers can provide the age of a protein. Although the slow rate of racemization is more suited for determining the age of proteins that are thousands of years old, racemization of Asp is fastest among the amino acids and has been used to determine the half-life of particularly long-lived proteins 12, 13, [15] [16] [17] .
Radio isotope pulse-labelling Incorporation, and subsequent persistence, of radio isotopes can be used to identify long-lived proteins. A radio-labelled precursor, often Leu for proteins, is injected into the animal tissue of interest or added to the media in cell culture. Injected animals are sacrificed, or cells harvested, at various time points, specific proteins extracted or immunoprecipitated and radioactivity measured. Persistent radioactivity indicates a stable, or long-lived protein, and by taking multiple measurements post-injection, a half-life of the protein of interest can be determined 3, [9] [10] [11] 18, [72] [73] [74] 77, 78 .
Stable isotope pulse-chase labelling and mass spectrometry Incorporation, and subsequent persistence, of the stable 15 N isotope can also be used to identify long-lived proteins. Two generations of rats are fed a diet in which the sole nitrogen source is from 15 N-labelled algae, resulting in a uniformly 15 N-labelled animal 19 . The diet is then switched to a normal 14 N diet for the chase period, and animals sacrificed at appropriate time points 4 . Tissues can then be harvested and digested followed by mass spectrometry. Mass spectrometry not only identifies each detectable protein, but can also determine relative ratios of the major component of the DNA cohesin complex were long-lived 3, 18 . Whereas previous studies that identified these proteins necessarily relied on a priori knowledge that they may indeed be long-lived, recent advances in high-resolution mass spectrometry coupled with stable isotope pulse-chase labelling of whole animals 19 
have allowed the non-biased identification of proteins with limited turnover. These studies confirmed the longevity of myelin and histone proteins and extended the known lifespan of NPC proteins to >1 year 4 . The surprising message from all these studies is that a small but crucial part of the cellular proteome is as old as the host cells, and that they may have a major role in the age-dependent functional decline of their respective tissues.
Long-lived proteins and ageing
To exemplify how a lack of protein turnover can contribute to the ageing process, we will use an analogy of a modern car. The cars we drive today are complex machines made up of many components. Parts of the car that are under constant use wear down over time. This often is not a problem, as these parts such as tyres and filters are replaced, extending the life of the machine. The engine and chassis, however, are large and expensive, and typically are not replaced. They are longlived components, and as they lose their function, so does the car.
Although biological systems such as cells are not mechanical devices but operate on principles of statistical thermodynamics, the idea that individual components are continuously replaced in order to maintain the entire system can be applied. As discussed, the process of protein turnover eliminates damaged or toxic protein specie s. However, if a protein cannot be turned over, its persistence may lead to damage that is not easily repaired, which in turn might adversely affect cell function (FIG. 1) . To illustrate the potential impact that a long lifetime has on protein function, we first discuss crystallin, a well-studied long-lived protein that is confined to eye lens cells and experiences age-dependent changes and modifications that have physiological consequences that are specific for eye lens function. Next, we focus on the extracellular matrix (ECM) proteins collagen and elastin and, finally, we discuss the NPC, a multiprotein assembly containing long-lived components that are not solely structural in nature, but also have an active role in the transport of molecules into and out of all nuclei. These are just a few examples of long-lived proteins with important functions. As these long-lived proteins age, their functions decline, which may have implications for the ageing of their respectiv e cells and tissues.
Crystallin and eye lens structure Crystallins from the eye lens were among the first long-lived proteins to be discovered, and they represent the perhaps most complete model, to date, linking protein longevity and adverse consequences 15 . Crystallins, which are expressed as three different isoforms (α-crystallin, β-crystallin and γ-crystallin), comprise >90% of the total protein content in eye lens fibre cells and >35% of their wet weight 20, 21 . Their longevity is derived from the unique developmental programme that the lens fibre cells undergo during embryogenesis and adult life. The bulk of the lens is composed of non-dividing lens fibre cells that vary in composition with age, with the oldest fibre cells located in the centre and cells of decreasing age located towards the outer layer 22 (FIG. 2a) . The outermost layer is composed of a replicating population of cells that gives rise to the underlying fibre cells. Upon differentiation into non-dividing fibre lens cells, their organelles, including the nucleus, are degraded through protease-and nuclease-regulated processes, and ultimately membraneenclosed bags of crystallins are left behind 23 . This organelle evacuation is necessary to ensure the transparency of the lens, as organelles scatter light, whereas ordered proteins (crystallins) do not 24 . This differentiation process occurs throughout adult life and produces rings of new fibre cells analogous to the rings of a tree. As fibre cells have no organelles, protein synthesis and protein degradation are minimal or non-existent, and crystallins and perhaps other proteins that were synthesized at the birth of the cell persist throughout the life of the organism.
As lens fibre cells lack the ability to maintain protein homeostasis through protein turnover, other mechanisms must be in place to help preserve the proper folded state of crystallins. For example, α-crystallin functions as a molecular chaperone, as it binds and maintains the folded state of β-crystallins and γ-crystallins 25, 26 . Moreover, the absence or mutation of α-crystallin accelerates the aggregation of lens proteins 26, 27 . A second mechanism involves reactive oxygen species (ROS) 'scavengers' in fibre cells. Compounds such as reduced glutathione (GSH) circulate from the outer lens epithelium to the lens interior, thereby clearing oxygen radicals and other oxidizing compounds from fibre cells 28, 29 . These systems help prevent the misfolding, aggregation and accumulation of damaged long-lived crystallins. Nonetheless, the activity of crystallins does decrease with damage and age [30] [31] [32] [33] . These quality control mechanisms for crystallins are limited and over time cannot meet the demand of the increasingly stressed lens-cell proteome. Lens crystallins must cope with unique stresses such as ultraviolet radiation and common ones such as oxidative stress. These insults result in several modifications of the lens proteins, including deamidation, glycation, mixed disulphide bond formation and truncation [34] [35] [36] [37] [38] [39] 
.
In response to damage, crystallins unfold and aggregate into large molecular weight species as biological repair mechanisms become exhausted 40, 41 . These large aggregates are less transparent than the natively folded protein, resulting in opaque lenses and impaired vision, also known as cataracts (FIG. 2b) . Luckily, modern medicine has devised a way to revive these ageing lenses using surgery to
Box 2 | Sources of protein damage
Proteins can accumulate diverse forms of damage and modifications. Here, we outline the major forms of damage that are discussed in this Review.
Deamidation
Deamidation is the non-enzymatic loss of amide groups on the side chains of Asn and Gln residues. This process is context dependent and is modulated by surrounding amino acids and the protein structure. This modification results in a negative charge in the side chain, which may affect the degree to which proteins are hydrolysed 80 .
Advanced glycation end (AGE) products
A diverse group of modifications. AGE products are the conjugation of carbohydrates or carbohydrate fragments onto proteins. This modification can result in crosslinking of different peptides and include the addition of glyoxal, methylglyoxal and carboxymethyl-Lys, among many others 81 . Levels of AGE products can be increased in aged tissues such as the aged myocardium 82 .
Mixed disulphides
As the burden of oxidative stress increases, aberrant disulphide crosslinks can be made between Cys residues of a protein and glutathione (GSH) or to other Cys residues forming intra-or intermolecular crosslinks 83, 84 . These crosslinks can result in large protein species that are often found in aggregates 84 .
Truncation
This involves the loss of amino acids from amino or carboxyl termini 85 , or cleavage at internal residues 86 . Truncation may be the cause or product of other types of damage.
Protein aggregation
Protein aggregation refers to the formation of non-native high-molecular structures. These aggregates typically incapacitate the aggregated protein and may be the result of other modifications such as deamidation, glycation and mixed disulphides. Aggregates are also a hallmark of a number of neurodegenerative diseases, such as Huntington's disease and Alzheimer's disease 87 .
Carbonylation
Carbonylation is one of the most studied oxidative damage-induced modifications. It is an irreversible addition of a carbonyl group, typically on Lys, Arg or Pro residues. This metal-catalysed oxidation (MCO) modification results from the action of reactive oxygen species (ROS) that have been produced within the cell 88 .
replace cataract lenses. For other long-lived proteins, however, there may not be such an elegant medical solution.
Collagen and elastin
Studies on the longevity of collagen and elastin have followed a similar trajectory as those of lens crystallins. Analogous to the inactive environment of lens fibre cells, colla gens and elastins typically reside in extracellular regions and are thus isolated from the cellular milieu. Collagens and elastins are synthesized as pre-pro-proteins and subsequently cleaved and secreted into the ECM, where they crosslink and form higher order structures such as elongated fibrils. Although equipped with a robust network of proteases that are used for ECM remodelling, the ECM is not under the constant flux of protein turnover that intracellula r protein s are subjected to 42 . Like lens crystallins, collagen and elasti n are also particularly prone to damage, presumably due to their longevity. These chemical modifications include glycation, crosslinking and fragmentation of their large protein structures 13, [43] [44] [45] . As damage accumulates, concomitant changes in the physical properties of collagen and elastin has been observed, such as increased rigidity, resistance to denaturation 13, 44, 45 and impaired performance of the underlying tissu e [45] [46] [47] [48] . Although collagen and elastin were determined to be long-lived, unlike crystallins there is also considerable evidence for their continued expression and degradation throughout the life of the host organism 13 . Thus, the exact contributions of the longlived versus newly synthesized collagens and elastins to the ageing process have yet to be fully understood.
The nuclear pore complex
The discovery that NPCs contained longlived proteins was a surprise because, unlike crystallins, collagens and elastins, NPC components are intracellular structures and are ubiquitously expressed. The NPC is a ~90 MDa protein structure of eightfold symmetry that is composed of ~30 nucleoporins (NUPs) in multiple copies 49, 50 . This complex is embedded in the nuclear envelope at sites where the inner nuclear membrane (INM) and the outer nuclear membrane (ONM) are joined 51 . NPCs act as exclusive transport channels that mediate all nuclear trafficking and thus maintain proper nuclear-c ytoplasmic compartmentalization 52 . Indeed, the NPC represents one of the most active transport channels as each NPC can mediate cargo transport up to 1,000 times per second 53 . With thousands of NPCs per nucleus 54 , the NPCs of a given cell are responsible for correctly allowing passage of millions of transport cargos such as messenger ribonucleoproteins (mRNPs) and proteins. The breakdown of this essential gate would result in loss of proper nuclearcytoplasmic compartmentalization, and consequently, all cellular regulation that relies on this sequestration.
The NPC is composed of several subcomplexes, each of which contributes specific functions and biophysical properties to the nuclear pore (FIG. 3) . Three transmembrane NUPs are thought to anchor the NPC to the nuclear membrane [55] [56] [57] . Scaffold NUPs, including the multi component NUP107-NUP160 and NUP205 complexes, line the inside of the pore 58, 59 and are thought to provide a structural foundation to which several other NUP complexes are bound 60 .
Attached to the scaffold in the centre of the nuclear pore are the FG-NUPs, which contain Phe/Gly-rich domains 61 and have been shown to establish the nuclear perme ability barrier that allows the signal-dependent passage of macro molecules 62, 63 . Last, the peripheral NUPs extend into the cytoplasmic and nuclear space and form the cytoplasmic filaments and nuclear basket, respectively. These peripheral complexes aid in transport and transport directionality and specificity by providing docking sites for cargo and other transport molecules 49, 52 . The first evidence that NPCs are longlived came from a study in Caenorhabditis elegans. This study showed that the expression of genes encoding scaffold NUPs, but not of genes encoding peripheral NUPs, was almost absent by adulthood, although the respective proteins were still present 3 . This suggested that peripheral NUPs are continuously turned over, whereas the scaffold of the NPC is built during embryogenesis and lasts the lifetime of the worm, which is on the order of weeks. These results complemented other work demonstrating that scaffold NPC proteins in tissue culture cells could persist on the NPC without exchange for the entire interphase 64 . This was in contrast to peripheral NUPs, which resided on the NPC for mere seconds, representing a 4-ordersof-magnitude difference in residence time of different components of the same complex. Figure 3 | Specific components of the NPC are long-lived. The nuclear pore complex (NPC) is embedded in a double membrane structure that separates the nucleus and the cytoplasm. It is composed of several nucleoporin (NUP) subcomplexes, including the peripheral, membrane, central channel Phe/Gly-rich (FG)-NUPs and scaffold NUPs. The peripheral, channel and membrane NUPs turn over continuously, whereas the scaffold NUPs are stable. We propose that this stability is necessary, and that rapid exchange or loss of these components would result in a disrupted permeability barrier. Thus, maintenance or turnover of these scaffold complexes is necessarily slow, if it occurs at all.
A more recent study used stable isotope pulse-chase labelling and mass spectrometry analysis (BOX 1) to determine NPC longevity in rats, which have a more complex physiology and longer lifespan, on the order of 2-3 years 4 . In this study, rats were sacrificed at 6 and 12 months of chase, and nuclei from liver and brain tissue were analysed by quantitative mass spectrometry. Data for every NPC protein was obtained from the nuclei of brain and liver tissues and, indeed, it was found that only scaffold NPC proteins were still labelled with the pulse isotope after 6 and 12 months, specifically in the brain and not the liver. This indicated that scaffold NUPs in the brain were in excess of 1 year old, far exceeding the normal lifespan of a protein and on par with some of the longest-lived proteins known to date.
Both the worm and rat studies found that only the scaffold NUP107-NUP160 and NUP205 complexes, and not the peripheral, membrane or FG-NUPs, were long-lived 3, 4 . Thus, unlike large protein complexes such as the ribosome or proteasome, it seems that the NPC does not turn over as a single unit, but instead individual subcomplexes have different rates of turnover and some exhibit no or very little turnover.
The persistence of these long-lived NPC components does not seem to occur without consequences, and we now know some of the ramifications of their longevity. Nuclei isolated from older worms and rats had reduced protein levels of scaffold NUPs and increased oxidative damage compared with younger nuclei 3 . In both species, this resulted in a compromised nuclear permeability barrier. Surprisingly, tubulin formed aggregates inside nuclei of old rat brains. The presence of nuclear aggregates in old brain nuclei is significant, as these types of aggregates have been linked to several neuro degenerative diseases 65 . Why might a dynamic protein complex contain long-lived components, particularly when there are known ramifications? Perhaps this is due to the NPC being a membrane-embedded multicomplex structure that needs to maintain a selective permeability barrier at all times. Many proteins function as part of large multicomponent complexes, which need to be disassembled first before being turned over. This dis assembly results in the loss of function of that complex, which is often of no consequence as replacement complexes are already present. However, what would happen if loss of function of just a few complexes had major consequences? This may be the case for NPCs, as loss of a few NUPs can result in a loss of cytoplasmic-nuclear compartmentalization 66 . Thus, the turnover of an NPC would need to strike a delicate balance between removing and replacing components, while maintaining enough nuclear pore integrity to maintain the perme ability barrier. As peripheral NUPs are exchanged at the NPC at high rates and may be present in excess, they can be replaced with little difficulty 64 . The same cannot be said of the scaffold NUPs, which are responsible for the structural integrity of the NPC and to which peripheral and central channel NUPs are bound. Thus, removing large portions of the scaffold might not only destabilize the NPC but would also necessarily displace any bound peripheral and central channe l NUPs. Loss of scaffold NUPs such as NUP93 results in a loss of the permeability barrier, so continuous exchange of these core NUPs while also ensuring pore integrity and proper transport functions may not be possible 3 (FIG. 3) . This could be thought of as similar to changing parts of a car's engine while the car is running.
For dividing cells, there are times when the NPC is 'turned off ' , and therefore a window of opportunity for NPC turnover exists. During mitosis, the nuclear envelope breaks down (NEBD), which results in NPC disassembly and dispersion into the cytosol and ER 67 . This might present the only time for scaffold NUPs to be replaced with newly synthesized copies as cytoplasmic-nuclear compartmentalization is not present or needed. Once mitosis has completed and NUPs have had an opportunity to turn over, the nuclear envelope then reassembles around chromatin together with NPCs, and the permeability barrier is soon restored 68 . If a cell has exited the cell cycle and no longer divides (for example, as in neurons), or if there is no NEBD in mitosis (for example, in budding yeast), there may be no easy way to replace potentially damaged NPCs. Thus, other novel ways of protein maintenance must be used to combat the accumulation of damage in NUPs, but ultimately this may have negative consequences for ageing NPCs.
How might the negative consequences of NPC ageing in mammalian non-dividing cells be attenuated? Careful inspection of the rat NPC turnover data might yield some clues. In this study, long-lived 15 N-labelled scaffold NUPs were detected even after a 1 year chase, but >50% of peptides from the respective proteins were 14 N-labelled 4 . One explanation might be that limited cell growth or tissue turnover occurs in the chase period, as 15 N-labelled peptides were found in the brain, which contains a complex mixture of glial and neuronal cells. Another possibility would be the insertion of new NPCs that would dilute out the old pulselabelled peptides. Although, in interphase, NPCs can indeed be inserted into an intact nuclear envelope 69 , such a process would have to be coupled to whole NPC removal in post mitotic cells to avoid the uncontrolled increase in nuclear pore number. Finally, a likely scenario is that there is minimal replacement of individual subcomplexes, while the overall NPC structure and function are largely maintained. Although residence times are long for scaffold NUPs, they are not infinite 64 , and small and infrequent temporary loss of some scaffold NUPs may be tolerated. This slow exchange process would therefore help prevent accumulation of damaged scaffold NUPs through a normal, although slow, protein turnover mechanism. Irrespective of which scenario will turn out to be correct, there is still a significant population of NPC components that are >1 year old. This makes NPC components some of the oldest polypeptides that are part of an active protein machine. The presence of these long-lived proteins in nondividing cells such as neurons might present a functional problem as, unlike eye lenses, neurons are almost irreplaceable and degeneration of their function may result in their permanent loss.
Other long-lived molecules Long-lived molecules are not limited to proteins; they appear in several other biological processes. The cell genome is replicated in a semi-conservative manner before mitosis and, as a result, is never replaced once the cell stops dividing. Thus, DNA in neurons is as old as the organism itself, which has been confirmed through radiocarbon ( 14 C) dating 70 . Other nucleic acids can be longlived; studies in plant seeds found pools of mRNAs that lay dormant, for perhaps years, until germination is initiated 71 , and RNA pools in Xenopus laevis oocytes were found to have half-lives of >2 years 72 . Finally, early isotope studies also found that cholesterol and lipids associated with the myelin sheath were long-lived 73, 74 . This is consistent with the observation that two other components of the sheath, myelin basic protein and proteolipid protein, are also long-lived. The longevity of these non-protein molecules emphasizes that a lack of turnover may not be a problem that is limited to the ageing proteome, but may impact the age-dependen t accumulation of damage on other components of the cell.
Conclusions
Our appreciation that a subset of proteins is long-lived and therefore evades protein turnover has important implications for cellular and organismal ageing, as we have discussed for eye lens crystallins and NPC proteins. Might long-lived histones be responsible for the observed loss of 'youthful' gene expression programmes in postmitotic tissues 75 ? Does longevity of the meiotic recombination protein REC8 contribute to age-related increases in meiosis errors, as has been speculated 18 ? The perhaps most important question at this point is whether additional long-lived proteins exist that remain to be discovered in the brain or other tissues with limited turnover such as the heart and ovaries 76 . It is important to address these questions, as with perhaps limited means to repair age-associated damage, long-lived proteins may prove to be the Achilles heel of the ageing proteome.
